Comparison by HPLC of tryptic digests of coat proteins from six biologically and serologically distinct potyviruses, namely bean yellow mosaic virus, Johnson grass mosaic virus, passion-fruit woodiness virus (PWV), potato virus Y (PVY), sugarcane mosaic virus (SCMV) and water-melon mosaic virus II, demonstrated that each potyvirus can be distinguished from the others. HPLC of tryptic peptides from coat proteins of four strains of PVY, two strains of PWV and three strains of SCMV showed that peptide patterns of strains from the same potyvirus were very similar. These findings were supported by amino-terminal amino acid sequence analysis of the peptides. The use of enzymes from different sources and variation in the temperature (35 °C to 40 °C) and time (16 to 20 h) of digestion caused small variations in the profiles but did not change the main features of the peptide patterns of each potyvirus. The results suggest that HPLC profiles of tryptic digests of the coat proteins of potyviruses could be useful criteria for the identification and classification of potyviruses.
INTRODUCTION
Of the plant virus groups, the potyvirus group is the largest and probably the most important economically (Hollings & Brunt, 1981 a) . Members usually occur wherever their principal hosts are grown, but they are especially prevalent in tropical and subtropical countries. Most potyviruses have narrow, often extremely restricted, host ranges. Different potyviruses exist in numerous strains or pathotypes which differ mainly in biological properties, such as host range or pathogenicity (Hollings & Brunt, 1981 b) .
Properties of potyviruses that have been used to differentiate individual viruses and their strains have included host range, cross-protection, morphology of cytoplasmic inclusions, amino acid composition, serology and cDNA hybridization (Bos, 1970; Jones & Diachun, 1977; Edwardson, 1974; Moghal & Francki, 1976; Randles et al., 1980; Abu-Samah & Randles, 1981 ; Reddick & Barnett, 1983) . Among these, serological properties appear to offer the most practical method at present for establishing the identity of a new isolate. However, serological relationships between distinct members of the potyvirus group are extremely complex, and strains of one potyvirus differ considerably in their serological relationships with other potyviruses (Hollings & Brunt, 1981 b) .
In this paper we describe a method for differentiating potyviruses and their strains that may be capable of establishing the identity of a new isolate. The method is based on the different extents of coat protein sequence homology between distinct members of the potyvirus group and between potyvirus strains (Allison et al., 1985a, b; Dougherty et al., 1985; Domier et al., 1986; Shukla et aL, 1986 Shukla et aL, , 1987 Gough et al., 1987) and involves a comparison of HPLC profiles of tryptic digests of potyvirus coat proteins. Using nine strains of six biologically and serologically distinct potyviruses we show that HPLC tryptic peptide profiles of coat proteins from distinct potyviruses are considerably different but those from different strains of the same potyvirus are very similar. (Randles et al., 1980) From Sorghum halpense L. (Teakle & Grylls, 1973; Shukla et al., 1987) From Passiflora suberosa L., isolated by D. S. Teakle From P. foetida L., isolated by D. S. Teakle From Solanum tuberosum L. From S. tuberosum, isolated by D. S. Teakle From Nicotiana tabacum (L.) Pers., isolated by J. E. Thomas From Lycopersicum esculentum Miller, isolated by J. E. Thomas From Saccharum oJ~cinarum L. (Teakle & Grylls, 1973) From Urochloa mosambicensis L. (Teakle & Grylls, 1973) From Digitaria didactyla Willd., (Teakle & Grylls, 1973) From Cucurbita pepo L. (Greber, 1978) 
METHODS
Viruses. The potyviruses and their strains used to evaluate the method are listed in Table 1 together with their origins. The virus strains were selected because of major differences between their host ranges and between their pathogenicities and, in some cases, also between their antigenic properties (Teakle & Grylls, 1973; Shukla et al., 1983; Shukla & Gough, 1984; Hewish et al., 1986; D. D. Shukla, unpublished results) . Johnson grass mosaic virus (JGMV) and sugarcane mosaic virus (SCMV) strains were propagated in Zea mays cv. Iochief, bean yellow mosaic virus (BYMV) and passion-fruit woodiness virus (PWV) strains in Phaseolus vulgaris, potato virus Y (PVY) strains in Nicotiana tabacum cv. Xanthi and water-melon mosaic virus II (WMMV-II) in Cucurbita pepo. All transmissions were done by sap inoculation and the plants were maintained in an insect-free glasshouse at 20 to 24 °C. Viruses were purified as described by Gough & Shukla (1981) .
Isolation and enzymic digestion of viral coat proteins. Coat proteins were isolated from freshly purified viral preparations, reduced and carboxymethylated according to the methods of Gough & Shukla (1981) . Samples of 1 to 5 mg coat protein were digested with trypsin (pretreated with TPCK; Worthington), or in one experiment TPCK-tfypsin (Cooper Biomedical) in 500 lal of 0.05 M-ammonium bicarbonate pH 8.0 at 37 °C for 18 h at an enzyme:substrate ratio of 1:50 (w/w). Each solution was then dried in a Savant Model 200H Speed-Vac concentrator and the residue was vortexed with 0.1% trifluoroacetic acid (TFA). After centrifugation at 12000 r.p.m, for 15 min, peptides in the soluble fraction were subjected to HPLC separation .
HPLCpeptideprofiling ofviralproteins. Peptides from the coat proteins of BYMV, JGMV, SCMV, WMMV-II and strains of PVY and PWV were separated on a C~8 reverse-phase column (218 TP, 5 ~tm, 4.6 mm x 25 cm, Vydac, California) connected to an LC4 chromatography system (Perkin Elmer, Norwalk, Conn., U.S.A.). The peptides were eluted using a linear gradient of 0 to 33 % acetonitrile in 0.1% TFA over a period of 50 min at a flow rate of 1.0 ml/min and at a column temperature of 45 °C. Chromatography was monitored at 214 nm.
For comparison of SCMV strains, peptides from coat proteins were separated on a C~ 8 reverse-phase column (10 ILtm, 4"6 mm x 30 cm; laBondapack, Waters Associates) connected to a Waters HPLC system as previously described . The peptides were eluted using a linear gradient of 3-5% to 46% acetonitrile in 0.04% TFA at a flow rate of 1.5 ml/min over 60 min at room temperature. Chromatography was monitored at 220 nm (Shukla et al., 1987) .
Eluted fractions from the coat protein digests of PVY, PWV and SCMV strains were collected manually in 1.5 ml Eppendorf polypropylene microfuge tubes and volatile components were removed by drying in the Savant Speed-Vac concentrator.
Amino-terminal sequence analysis of viral peptides. The amino-terminal amino acid residues of major peptides from tryptic digests of the coat protein of PVY, PWV and SCMV strains were analysed by manual protein sequencing techniques as described previously .
RESULTS AND DISCUSSION
Elution profiles of tryptic digests of coat proteins from six biologically and serologically unrelated potyviruses are presented in Fig (Allison et al., 1985a, b; Dougherty et al., 1985; Domier et al., 1986; Shukla et aL, 1986 Shukla et aL, , 1987 Gough et al., 1987) .
Nevertheless there are obvious and substantial differences among patterns from different potyviruses, including significant peaks unique to each potyvirus within this set of six. Some examples of these are summarized in Table 2 , in which it can be seen that at least four substantial peaks in each profile in Fig. 1 have unique retention times. Furthermore, the patterns of these profiles differ in the relative abundance of certain peaks, which confers a characteristic to the pattern in addition to that of peak retention times. Exploitation of these pattern differences among coat protein digests for the identification of potyviruses would only be possible if coat proteins from several strains of the same potyvirus could be shown to give nearly identical, or at least very similar, peptide profiles on HPLC. The results obtained with tryptic digests of coat proteins from three strains of SCMV (Fig. 2) , four strains of PVY (Fig. 3) and two strains of PWV (Fig. 4) demonstrate that this is so.
Of the 26 peaks numbered in the SCMV-SC profile (Fig. 2) , at least 16 show the retention time coinciding with that of a peak in HPLC profiles of SCMV-BC and SCMV-Sabi. Twelve of these peaks have been shown to have identical amino terminal sequences in each SCMV strain (Table   3 ) (Shukla et al., 1987) . The patterns of these profiles are very similar to each other and those of SCMV-BC and SCMV-Sabi are nearly superimposable. Some peptides were present in more than one peak in the peptide profiles of the three SCMV strains (Fig. 2) . For example, the peptide present in peaks 21 of SC and 24 of BC and Sabi was also present in peaks 24 of SC and 26 of BC and Sabi. The sequences of these peaks were identical except that the N-terminal amino acid of the latter three peaks was cyclized glutamine (Table 3) . Similarly, the peptide in peaks 8B ofSC, BC and Sabi was also present in peak 9 of SC and peak 10 of BC and Sabi, but in the latter case the lysyl-asparaginyl bond of the SC peptide and the arginyl-asparaginyl bonds of BC and Sabi peptides were not cleaved by the enzyme. Peaks 14 and 17 of BC and Sabi appeared unique to these two strains. However, amino-terminal sequences of the peptide in peaks 14 revealed that these peaks had resulted from the non-cleavage of the lysyl-glutamyl bonds by the enzyme. Small differences between the retention times of some peptides located in the identical position in the coat protein sequence of the three SCMV strains (Table 3 ; Shukla et al., 1987) may be due to the differences in their amino acid sequences. It is known that a single amino acid substitution can change the retention time of a peptide (O'Hare & Nice, 1979; Meek, 1980) . For example, the slight difference between the retention times of peak 9 in SC and peak 10 in BC and Sabi is due to the single amino acid substitution of lysine for arginine (Table 3) . Likewise, (Fig. 2) can be attributed to substitutions of one or two amino acid residues in otherwise identical sequences (Shukla et al., 1987) .
The HPLC profiles of the tryptic digests from PVY-D, PVY-10, PVY-18 and PVY-43 (Fig. 3 ) are also very similar, as might be expected from these proteins in which 11 different peptides have been shown to possess common amino-terminal sequences in each of the four strains (Table  4) . Peaks 4, 7, 8 and 10 appear distinct for one or more strains. However, amino-terminal sequence analysis reveals that peaks 4 and 7 are partial cleavage products of peptides in peaks 8 and 18, rather than distinct sequences unique to the strains . The occurrence of peaks 8 and 10 in some strains is due in both cases to single amino acid substitutions between homologous peptides. Peaks 16 and 17 have different retention times but share identical aminoterminal sequences and are likely to have very similar structures. The pairing of peaks 20, 21 (PVY-43), 22, 24 (PVY-D, PVY-10) and 23, 25 (PVY-18) and the similar retention times among these peaks (Fig. 3) suggest that they may represent homologous peptides. Amino-terminal sequence analysis (Table 4) demonstrates that this is so. The earlier appearance in the chromatograms of peptides 20, 22 and 24 (26 residues long) within each strain, when compared with the respective peptides 21, 24 and 25 (24 residues long), is due to the addition of two polar residues (serine and lysine) to the N termini of the shorter peptides . By comparison, the differences between the retention times of these peaks in different strains may be attributed to one or two amino acid substitutions (Table 4) .
The HPLC profiles of tryptic digests from coat proteins of two strains of PWV (Fig. 4) are also remarkably similar in so far as 18 of the largest peaks (excluding peaks 20 to 22) have identical retention times in both strains. The only differences between peptide profiles are the occurrence of some small peaks at retention times 9 to 11 min in PWV-Mild (which are absent or much reduced in PWV-Tip blight) and the different elution time of peak 14 for each strain. The peptide in peak 14 of both strains was found to possess an identical amino-terminal sequence ( Table 5 ) and is likely to be very similar in each case. The similarity of the two PWV strains is reinforced by the known sequence data ( Table 5 ) which show that peptides obtained from peaks with coincident retention times in the two strains have identical amino-terminal sequences in 16 cases. Close examination of peptide profiles of PVY-D coat protein in Fig. 1 and 3 revealed small differences in mobility of a few peaks, most notably peaks 13, 14 and 17 (Fig. 1) . Minor differences between retention times of a few peaks can also be observed in PWV-Tip blight peptide profiles in Fig. 1 and 4 (peaks 10 and 15 ). All these differences can be attributed to slight changes in buffer concentration as the peptide profiles in Fig. t, 3 and 4 were produced at different times and the buffers used were prepared afresh each time. Changes in the HPLC profiles of SCMV-SC ( Fig. 1 and 2) can be attributed to the use of different columns, HPLC systems and chromatographic conditions. Such changes in retention times of some peptides demonstrate the need to compare coat protein digests from potyviruses and their strains under identical conditions.
Small differences between peptide patterns were observed in a comparison of the effects of two sources of TPCK-trypsin on JGMV coat protein (data not shown). Similar differences were also observed with other samples of the same protein when variations in the time of digestion (16 to 20 h) and in the temperature of digestion (35 to 40 °C) were made (data not shown). However, these variations to the digest conditions were not large enough to change the main features of the peptide profile of JGMV coat protein.
During the determination of the amino acid sequence of coat proteins of PVY and JGMV by protein sequencing techniques, it was observed that the complete set of the tryptic peptides contained in the coat protein sequences of the two viruses could be obtained in each HPLC separation (Shukla et al., , 1987 . This suggests that the peptide profiles presented in this study are valid comparisons of entire coat protein sequences of the potyviruses and their strains.
The results obtained in this study suggest that HPLC profiles of tryptic digests of coat proteins will aid in the differentiation of potyviruses and their strains. Although such profiles do not provide the detailed structural information that is obtained by sequencing the protein or its gene, their value as aids to identification lies in the relative ease with which data may be generated. In this regard, preliminary investigations suggest that the greatest value of peptide profiling of coat proteins may be obtained by using the same batch of enzyme and identical chromatographic conditions for comparisons of unknown viral coat proteins with known coat protein standards. Further work with the coat proteins of other potyviruses and their strains should allow an evaluation of the general applicability of this method as an aid in potyvirus identification.
